Interferon gamma (IFNg) induces growth arrest in normal human mammary epithelial cells by establishing a block during mid-G 1 corresponding to the time when the retinoblastoma protein (Rb) would normally be inactivated by hyperphosphorylation. IFNg inhibits the kinase activities of cdk2, cdk4 and cdk6 within 24 h of treatment. Protein levels of the cdks and G 1 cyclins do not change within this time period, although cdk4 levels are signi®cantly reduced by 48 h. IFNg treatment induces p27
Kip1 protein levels, presumably by a posttranscriptional mechanism as no change was observed in the mRNA levels. In addition, IFNg-induced inhibition of cdk2 and cyclin E-associated kinase activities is accompanied by a 4.5-fold or greater increase of p27 Kip1 in cdk2 complexes. p27 may also have a role in the inhibition of cdk4/6 kinase activities, as p27 protein associated with these complexes was increase by 55 ± 70% after IFNg. In mammary carcinoma cell lines which are resistant to growth inhibition by IFNg, p27 levels are not induced by IFNg nor is cdk2 kinase activity inhibited, despite high baseline levels of p27 in cdk2 complexes. However, exogenous expression of p27 in these cells induces growth arrest. In addition, puri®ed p27 protein added to cdk2 complexes immunoprecipitated from carcinoma cells is able to inhibit the kinase activity in a dose dependent manner. Our results suggest that p27
Introduction
Cell cycle arrest in the G 1 phase of the cell cycle has been associated with checkpoints regulated by cyclindependent kinase (cdk) complexes and their inhibitors (cki's). One of the critical events in progression through G 1 is the hyperphosphorylation and inactivation of the growth inhibitory function of the retinoblastoma protein, Rb (Sherr and Roberts, 1995 for review). The primary cdk complexes involved in initiating Rb phosphorylation are thought to contain cdk4 or cdk6 and a member of cyclic D family, because the timing of Rb hyperphosphorylation has been demonstrated to coincide most closely with the onset of cyclin D-associated activity . Which cyclin D isoform is the most active and/ or abundant appears to be dependent in part on cell type speci®city (Ewen et al., 1993a and references therein; Sherr, 1995) . Cdk2 in complex with cyclin E, and later cyclin A, may also participate in maintaining the hyperphosphorylation of Rb in later stages of G 1 and S phase when the complexes are active, as Rb is a substrate for these complexes both in vitro (Akiyama et al., 1992) and in vivo (Hinds et al., 1992; Dowdy et al., 1993; . Evidence has been presented indicating that cdk2/cyclin E-speci®c phosphorylation of Rb, apart from cdk4/6/cyclin D activity, may not merely maintain Rb hyperphosphorylation but is essential for entry into S phase (Hatakeyama et al., 1994) .
The activity of the kinases that phosphorylate Rb are negatively regulated by two families of cki's (Elledge and Harper, 1994; Hunter and Pines, 1994; Peter and Herskowitz, 1994; Sherr and Roberts, 1995 for reviews). The Ink4 family, including p16 Ink4 , p15
Ink4b , p18 and p19, speci®cally bind to and inhibit cdk 4 and 6 (Hall et al., 1995) , either by disrupting the association of the cdk with its D cyclin partner (Serrano et al., 1993; Xiong et al., 1993b; Parry et al., 1995) or preventing the activation of the cdk by cdk-activating kinase (CAK) (Aprelikova et al., 1995; Hirai et al., 1995). p15 Ink4b has been shown to be upregulated during growth arrest by TGFb (Hannon and Beach, 1994) , while p18 has been shown to primarily associated with cdk6 (Guan et al., 1994) .
The second family consists at present of p21 Cip1 , p27
Kip1 and p57
Kip2
. These inhibitors have inhibitory activity toward all G 1 cdks (Xiong et al., 1993a) and bind to cdk/cyclin complexes with much higher anity than to the cdk alone (Harper et al., 1995) . Their bindings appears both to block the activation of the cdk by CAK (Ko et al., 1993; Kato et al., 1994; Polyak et al., 1994a; Aprelikova et al., 1995; Reynisdottir et al., 1995) and to inactivate preformed, active complexes Kato et al., 1994; Nourse et al., 1994; Polyak et al., 1994b; Toyoshima and Hunter, 1994; Eblen et al., 1995) . p21
Cip1 is found in cdk/cyclin complexes throughout G 1 and has been described as a potential modulator of normal cell cycle traverse Li et al., 1994; Noda et al., 1994; Nourse et al., 1994; Sheikh et al., 1994) as well as an eector of p53-induced growth arrest in response to DNA damage (El-Deiry et al., 1993). p27 is the primary inhibitor of cdk2/cyclin E activity in cells arrested by TGFb (Polyak et al., 1994a; and increased p27 protein levels have been associated with density arrest and growth factor deprivation Polyak et al., 1994b; Slingerland et al., 1994) .
While the target of cyclin D-associated kinases appears to be primarily limited to Rb, the role of the cdk2/cyclin E complex in enabling cell cycle progression is less well understood. Importantly, at least some events regulated by cdk2/cyclin E are independent of the presence of Rb, because cyclin E, but not D1, is required for entry into S phase in cells lacking functional Rb (Lukas et al., 1995; Ohtsubo et al., 1995) . One potential target of cyclin E-associated kinase activity which is not shared by cyclin D complexes is histone H1, an in vitro substrate of cyclin E complexes, suggesting that cyclin E may have a role in altering chromatin structure in preparation for DNA replication. Adachi and Laemmli (1994) demonstrated in Xenopus embryo extracts that cdk2 activity is involved in the unwinding of DNA in replication foci forming on post-mitotic, decondensing chromosomes. Cdk2/cyclin E has also been implicated in having a direct role in the initiation of replication (Jackson et al., 1995; Strausfeld et al., 1994; Duronio and O'Farrell, 1995; Heichman and Roberts, 1994 for review) .
Interferon gamma (IFNg) has been reported to induce growth arrest in a number of cell types. We have previously shown that IFNg causes irreversible growth arrest in human keratinocytes (Saunders and Jetten, 1994) and mammary epithelial cells (MECs) (Harvat and Jetten, 1996) . This growth arrest is complete within 24 h of treatment and is accompanied by a shift from the inactive, hyperphosphorylated to the active, hypophosphorylated forms of both Rb and another Rb family member, p130, that has been associated with regulation of the G 0 to G 1 transition (Herzinger et al., 1995; Sardet et al., 1995; Vairo et al., 1995) . IFNg-induced growth arrest in MECs is associated with the down-regulation of the E2F-regulated genes cyclin A, cdc2 and c-myc, consistent with the role of Rb and p130 in repressing E2F activity and thus synthesis of proteins needed for DNA replication (reviews by MuÈ ller, 1995; Adams and Kaelin, 1995; Johnson, 1995) . IFNg prevents Rb hyperphosphorylation in quiescent, EGF-deprived MECs that have been allowed to re-enter the cell cycle after the addition of EGF. The establishment of the block in DNA synthesis, Rb phosphorylation and cyclin A expression all coincide within a small window of time in mid-G 1 .
Our current studies attempt to identify the mechanism(s) by which IFNg mediates growth arrest and speci®cally, how it aects the cyclin dependent kinase complexes that are responsible for the phosphorylation of Rb. We have discovered that IFNg causes the inhibition of cdk2, cdk4 and cdk6 kinases. IFNg induces p27
Kip1 protein and increases the association of p27 in cdk2 complexes, suggesting that p27 plays a signi®cant role in the kinase inhibition and therefore in IFNg-mediated growth arrest. IFNg does not induce expression of other Kip family members, p21
Cip1/Waf1 or p57 Kip1 . p15 Ink4b protein levels increased by threefold at 16 h of treatment, while p16
Ink4 mRNA levels did not change and the protein was undetectable. In addition, we show in mammary carcinoma cell lines that IFNg treatment is unable to produce a decrease in cdk2 activity or induce p27 above already high basal levels, consistent with our previous ®nding that IFNg was not able to inhibit growth or block the hyperphosphorylation of Rb in these cell lines.
Results

Eects of IFNg treatment of MECs on G 1 cdk kinase activity
The hyperphosphorylation of Rb has proven to be a critical checkpoint in growth control involved in regulating progression through late G 1 and into S phase. Previously ®ndings in our laboratory have indicated that the mid-G 1 growth arrest induced in MECs by IFNg treatment correlates with the appearance of the hypophosphorylated form of Rb and occurs during the same time interval in G 1 in which Rb would normally be hyperphosphorylated in proliferating cells. (Harvat and Jetten, 1996) . The growth arrest is demonstrated by a decrease in [ 3 H]methyl-thymidine incorporation within 4 h, declining to 50% by 12 h and to 6% of controls within 24 h. In this study, we investigate the mechanisms by which IFNg could prevent the hyperphosphorylation of Rb, beginning with an analysis of the G 1 cyclin dependent kinases which are known to be able to phosphorylate Rb both in vivo and in vitro. Therefore, we ®rst measured the eect of IFNg treatment on cdk2, cdk4 and cdk6 kinase activity. Cell lysates were prepared under non-denaturing conditions from proliferating cells or cells treated for 24 h with IFNg and immunoprecipitated with antibodies to speci®c cdks (see Materials and methods). Immunoprecipitated cdk2 complexes from proliferating MECs demonstrated signi®cant activity toward a histone H1 substrate, and that activity was reduced to background levels by IFNg treatment (Figure 1a) . Similarly, cyclin Eassociated kinase activity, presumably due to cdk2, was likewise down-regulated. Antibodies which were neutralized by their cognate peptide prior to addition of lysate were unable to immunoprecipitate kinase activity, indicating the speci®city of the measured activity found in the extracts. The ability of both cdk2 ( Figure 1b) and cyclin E-associated (data not shown) protein complexes to phosphorylate a GSTRb-C-terminal fusion protein (Guan et al., 1994) in vitro was equally down-regulated.
In a similar manner, kinase activity toward the GST-Rb substrate that could be immunoprecipitated from proliferating cells by antibodies to cdk4 or cdk6 was also abolished after 24 h of treatment with IFNg, as was the activity in cyclin D1 or D2 immune complexes (Figure 1b) . Presumably, the kinase activity associated with cyclins D1 and D2 is due primarily to cdk4 and/or cdk6, although cdk2-immunoprecipitated complexes contain some cyclin D1 (Figure 4 ), implying that a small portion of total cdk2 activity could be present in cyclin D1 complexes. These results show that IFNg treatment was able to eciently inhibit all of the G 1 cyclin dependent kinases that are predominantly associated with the hyperphosphorylation of Rb. (Harvat and Jetten, 1996) .
We also analysed the eect of IFNg on the levels of the cyclin partners of the G 1 cdk's and found that IFNg treatment caused no changes in the levels of cyclins D1 or E (Figure 2b ). The predominant isoform of cyclin D in these cells is D1. Cyclin D2 and D3 were detectable, but also appeared unchanged by IFNg treatment (data not shown).
These ®ndings suggest that, although decreased cdk4 levels may have a role in maintaining the hypophosphorylated state of Rb, the initial stages of the block to Rb phosphorylation could not be attributed to changes in levels of G 1 cyclins or cdks. Suspecting that one or more of the cdk inhibitors might therefore be involved in the IFNg-induced block to Rb hyperphosphorylation, we analysed the eects of IFNg on the expression of several members of the Kip and Ink families. We have previously shown that p21
Cip1/Waf1 was easily detectable in cycling cells and was down-regulated after 24 h of IFNg treatment (Harvat and Jetten, 1996) , a delayed response which followed the inhibition of DNA synthesis similar to that of cdk4. Down-regulation of p21 has also been reported in the irreversible growth arrest that occurs as cells become senescent (Alcorta et al., 1996) . Conversely, levels of p27
Kip1 protein increased by 16 h and in multiple independent experiments, reached a stable elevated plateau 6 ± 40-fold above untreated cells by 24 h (Figure 2c ). The variability of the fold induction was not due to signi®cant dierences in p27 levels in treated cells, but rather to variable basal levels which appeared to increase with the passage number of the cells and correlated with the percentage of cells which were no longer cycling (personal observation). Elevation of p27 protein was maintained for at least 72 h after cells had been exposed to IFNg, even if cells were refed media without IFNg after 24 h (data not shown). Interestingly, p27 mRNA levels did not change signi®cantly over a time course of 48 h of IFNg treatment (Figure 3a) , indicating that the increase that is seen at the protein level must be regulated posttranscriptionally. p57
Kip2 , another member of this family of kinase inhibitors, was not detectable by the antibody available to us (data not shown). 
IFNg treatment of MECs induced p15
Ink4b protein levels approximately threefold after 16 h of treatment, which by 48 h returned essentially to levels in untreated cells ( Figure 2d ). Using three dierent antibodies, we were unable to detect p16
Ink4 protein in MECs, in agreement with the ®ndings of others (Sandhu et al., submitted), even though p16 mRNA can be detected ( Figure 3b ) and is unaected by IFNg treatment. While the role of the small increases seen in p15 protein levels in IFNg-mediated growth arrest needs to be explored further (see Discussion), these studies indicated that the primary eect of IFNg treatment on the ckis that might negatively regulate the hyperphosphorylation of Rb is the induction of p27 protein levels. p27
Kip1 is able to bind universally to the various G 1 cdk/cyclin complexes and could account for the inhibition of kinase activity which we detect in IFNg-treated cells.
The presence of p27 protein increases in cdk complexes immunoprecipitated from IFNg-treated cells p27 has been shown to inhibit cdk activity based on a tightly regulated threshold in which as little as threefold increase in protein levels is sucient to induce kinase inactivation and growth arrest . These minimal increases in p27 correlate with the detection of increases of p27 in cdk complexes. Therefore, we predicted that the increased levels of p27 seen in IFNg-treated MECs should be re¯ected in changes in the amount of p27 associated with the cdks. As expected, we found that antibodies to cdk2 immunoprecipitated signi®cantly higher levels of associated p27 protein from extracts of cells treated with IFNg for 24 h than from extracts of proliferating cells ( Figure 4 ). In untreated MECs, cdk4 and cdk6 had considerably levels of p27 protein associated with them, consistent with the proposed model that cdk4/6/ cyclin D complexes can sequester p27 in proliferating cells (Toyoshima and Hunter, 1994) , permitting cdk2 to be active (Polyak et al., 1994a) . IFNg treatment induced a moderate 55 ± 70% (5twofold) increase of p27 in these complexes, in contrast to the greater than 20-fold increase of p27 seen in cdk2 complexes in the same experiment ( Figure 4b ). Upon overexposure, small levels of p27 could also be detected in cdk2-immunoprecipitated complexes from proliferating cells. We interpreted this to be a re¯ection of the heterogenous nature of this primary culture which could contain cells that have permanently withdrawn from the cell cycle and have elevated levels of p27. We cannot completely rule out, however, that small amounts of p27 could be present in cdk2 complexes in actively cycling cells or at a given stage of the cell cycle.
Reprobing the same blots with antibodies to the G 1 cyclins demonstrated that cyclin D1 could be found predominantly in complexes with cdk4 and cdk6, but a fraction was also in complex with cdk2, as reported by others (Xiong et al., 1992; Bates et al., 1994) . Cyclin E was associated solely with cdk2. Furthermore, after normalization of cyclin levels with the relative amount of cdk immunoprecipitated in each complex, we demonstrated that the amounts of cyclin D1 that were associated with each of the cdks and the amount of cyclin E that was associated with cdk2 were not aected by IFNg treatment (Figure 4b ). We also probed immunoblots of cdk immunoprecipitates from two independent experiments with antibodies to p21 and consistently found that the amounts of p21 associated with cdk2 and cdk4 were minimally increased (*25%) with IFNg treatment (Figure 4 , note that since IFNg does not aect the levels of cdks at 24 h, the data in Figure 4b has been normalized to the amount of cdk that was immunoprecipitated), while the amount of p21 that was associated with cdk6 decreased. These results suggest that p21 may participate in inhibiting cdk2 and cdk4, but not cdk6, activity in an additive fashion with p27 by binding multiple molecules in a single complex, demonstrated by Zhang et al. (1994) and Harper et al. (1995) to be necessary for kinase inhibition. These ®ndings provide additional evidence that, in normal cells, p27 has an important role in IFNg-mediated growth arrest, although they indicate other ckis could contribute to the kinase inhibition as well.
p27 association with cdk2 is a rapid event following IFNg treatment
The inhibition of cdk2 activity by IFNg appeared to be primarily the result of increased availability of p27 to associate with the complex. We next investigated if the IFNg-induced association of p27 with cdk2 agreed with the time course in which growth was arrested and Rb hyperphosphorylation was blocked in MECs. We immunoprecipitated cdk2 from extracts of asynchronous, proliferating cells that had been treated for dierent periods of time with IFNg and analysed the immunoprecipitates for the appearance of p27 in the complexes. Cdk2 complexes accumulated increasing levels of p27 protein (Figure 5a ) during a time course that paralleled the previously reported decrease in DNA synthesis. Interestingly, an increase in p27 was ®rst detected in cdk2 complexes within 2 h of treatment, even before the induction in p27 protein levels was discernible. This detectable increase in p27 association with cdk2 coordinated with the down Kip1 and MEC growth arrest BL Harvat et al regulation of in vitro kinase activity ( Figure 5b ). As with total p27 levels in the cells, the relative elevation in p27 seen in the complexes after 24 h of treatment was dependent on the levels seen in complexes from untreated cells and varied from 4.5-fold upwards after being adjusted for the amount of cdk2 that was immunoprecipitated. Consistent with the ®nding that cdk2 levels do not change with IFNg treatment (Figure  2a ), reprobing the same blot with anti-cdk2 con®rmed that approximately equal amounts of cdk2 complexes were immunoprecipitated and loaded on the gel for each time point.
Mammary carcinoma cell lines that are resistant to growth arrest by IFNg are unable to down-regulate cdk2 kinase activity or up-regulate p27 protein levels
We have previously shown that IFNg was unable to induce growth arrest or block Rb phosphorylation in a number of mammary carcinoma cell lines (Harvat and Jetten, 1996) . We analysed these cell lines, all of which contain wild type Rb except for MDA-MB-549 cells, for the eect of IFNg on cdk2 activity and p27 inducibility to test if there was a correlation with their resistance to IFNg-induced growth arrest. IFNg had little or no eect on cdk2 kinase activity in any of the mammary carcinoma cell lines that we tested, except that the very high levels of kinase activity in the MDA-MB-549 cell line are somewhat reduced (Figure 6 ).
Furthermore, the carcinoma cell lines had 1.5-to 15-fold higher levels of cdk2 activity than did MECs. The elevated kinase activity generally correlated with 10-to 38-fold higher levels of cdk2 protein in the carcinoma cell lines compared to normal MECs (Figure 7a ). In addition, carcinoma cells contained higher levels (1.5-to 4.2-fold) of cyclin E, as well as the truncated forms of cyclin E which have also been shown to have kinase activity . Surprisingly, all cell lines demonstrated substantial levels of p27 protein in proliferating cells, nine-to 40-fold higher than that found in proliferating MECs (Figure 7a ). Although in some cases, the level of p27 protein appeared to be inversely related to the relative amount of cdk2 kinase activity (MDA-MB-231, MDA-MB-549, ZR 75-1) as might be expected, other cell lines (e.g. MCF7) contained high levels of both cdk2 activity and p27 protein. Furthermore, p27 levels were not inducible by IFNg in any of the cell lines, suggesting that IFNg was not able to modulate p27 levels above the threshold required for kinase inhibition in the resistant mammary carcinoma cells (see Discussion). The lack of inhibition of cdk2 kinase activity in the presence of high levels of p27 in carcinoma cells could be explained if the p27 protein was unable to bind to cdk2/cyclin E complexes. However, immunoprecipitation of cdk2 complexes followed by immunoblot detection of p27 revealed that p27 protein was detectable in the cdk2 complexes from all proliferating
-cyclin E a b Figure 4 Eects of IFNg on G 1 cdk complexes. Antibodies against the G 1 cdks were used to immunoprecipitate associated complexes from extracts of proliferating MECs and cells treated for 24 h with IFNg. The immunoprecipitates were then analysed by immunoblot for the presence of cyclins and the cki's, p21 and p27, by serial probing of the same blots with the relevant antibodies. Graphs represent changes in the quantities of cyclins or cki's found in the complex relative to the amount of cdk that was immunoprecipitated, with the amount found in the IFNg-treated complex given an arbitrary value of 100% p27 Kip1 and MEC growth arrest BL Harvat et al cell lines (Figure 7b ). As suggested by the inability of IFNg to cause an increase in the total level of p27 protein, the levels of p27 that were associated with cdk2 in the carcinoma cells did not change with IFNg treatment. Furthermore in some cases, the p27:cdk2 ratio in the complexes appeared even higher than that seen in the IFNg-treated MECs (Figure 7b , compare IFNg-treated MECs with untreated MCF-7s), yet cdk2 kinase activity was unaected.
To further investigate the role of p27 in growth arrest in mammary epithelial cells, we introduced exogenous expression of p27 in both normal MEC and two carcinoma cell lines, using an adenovirus carrying the p27 Kip1 cDNA (Adp27). We chose the MCF-7 line because of its apparent lack of relationship between levels of p27 in cdk2 complexes and cdk2 activity and the MDA-MB-549 cell line because of indications that it was slightly responsive to endogenous p27 levels. Exogenous expression of p27 was sucient to inhibit [ 3 H]thymidine incorporation in the MECs in a dose dependent manner (Figure 8a ). Interestingly, both carcinoma cell lines were also sensitive to growth inhibition by Adp27. The higher levels of Adp27 needed to inhibit DNA synthesis in MCF-7 cells produced p27 levels lower than that expressed in the other cell lines (Figure 8b ) and therefore may re¯ect infection or transcription eciency rather than resistance to p27 eects. In agreement with Figure 7a , longer exposure of the ECL reaction for p27 demonstrated the presence of endogenous levels of p27 in cycling and Adnull cells (not shown). Levels of exogenous p27 which inhibited DNA synthesis eectively blocked Rb hyperphosphor- 
MDA-MB-549
Histone H1 - Figure 6 The regulation of cdk2 kinase activity in human mammary carcinoma cells by IFNg. Appropriate lysates from proliferating cells and cells treated for 24 h with IFNg were subjected to immunoprecipitation with cdk2 antibodies and the resultant complexes were analysed with kinase assays for activity toward histone H1. Quantitation was by densitometry and fold activity was calculated relative to that found in proliferating MECs (Figure 8c ). We have also found that Adp27 increases the levels of hypophosphorylated p130 in both MEC and carcinoma cells (data not shown). In a second approach, cdk2 complexes were immunoprecipitated from proliferating normal MECs and the two carcinoma cell lines. Immediately prior to initiating kinase assays on these complexes, the pellets were incubated with various levels of puri®ed p27 protein for 30 min. As seen in Figure 9a , p27 protein was able to inhibit the observed kinase activity in a dose dependent manner similar to its eects in vivo. The relative amounts of p27 required for kinase inhibition were essentially equivalent in MECs and MCF7 cells, while a tenfold higher dose was required to completely inhibit complexes from MDA-MB-549 cells. These results indicate that cdk2 complexes in carcinoma cells are not resistant to p27-mediated inhibition, although there may be dierences in anity or activity of p27 for the complex. In support of this interpretation, we found that complexes from untreated or IFNg-treated MECs or carcinoma cells which were immunoprecipitated by an antibody against p27 contained only small amounts of kinase activity (Figure 9b ), suggesting that most of the kinase associated with p27 was inactive. The remaining kinase activity was inhibited by the addition of recombinant p27 protein, indicating that changes in p27/cdk2 stoichiometry in the active p27 complexes were sucient for inhibition. The p27 immunoprecipitates from the carcinoma cells contained more than half of the total cdk2 and 495% of the p27 in the extract (data not shown). Finally, we immunoprecipitated cdk2 from the supernatants of the p27 immunoprecipitations to determine if residual cdk2 activity remained. Supernatants from untreated MECs contained cdk2 kinase activity nearly equivalent to that found in complete extracts (compare lane 8 of Figure  9b with lane 1 of Figure 9a ), as might be predicted by the lack of p27 association with cdk2 in these extracts, while supernatants from IFNg-treated MECs contained virtually no kinase activity. Supernatants from both the carcinoma cell lines contained large amounts of cdk2 activity, which again was inhibited by the addition of recombinant p27 to the reaction. Thus, we were unable to detect any complex containing cdk2 in carcinoma cells which was resistant to inhibition by p27. Taken as Eects of exogenous puri®ed recombinant p27 protein on cdk2 kinase activity from proliferating normal MEC and two human carcinoma cell lines. (a) Complexes immunoprecipitated by antibodies to cdk2 from 100 mg protein from extracts were tested for kinase activity toward histone H1 after incubation with increasing amounts of bacterially expressed, puri®ed his 6 -p27 fusion protein. The range of levels of p27 protein used for the carcinoma cells was tenfold greater than the range used for MECs. Endogenous p27 and cdk2 content of similar complexes is characterized in Figure 7b . (b) histone H1 kinase activities associated with complexes immunoprecipitated by antibodies to p27 are shown. 250 mg of protein from extracts of MECs or proliferating carcinoma cells were used in the immunoprecipitation. Where indicated, puri®ed p27 protein was added at the highest dose shown in (a) for the respective cell type. Supernates from the p27 IPs were divided equally and reimmunoprecipitated with cdk2 antibodies. Kinase activity of the non-p27-associated cdk2 in the pellet was measured. Autorad exposure of assays from p27 immunoprecipitations was 6 times longer than that of the cdk2 immunoprecipitations in both (a) and (b) p27
Kip1 and MEC growth arrest BL Harvat et al a whole, these results imply that elevated levels of p27, such as are induced by IFNg treatment, are sucient to induce growth arrest in normal mammary epithelial cells and that there is a general inability of the carcinoma cells to aect the p27:cdk2 ratio, even with an exogenous stimulus, to levels sucient to reach the threshold level necessary to overcome their high expression of cdk2 and cyclin E.
Discussion
IFNg induces an irreversible growth arrest in MECs that correlates with the point in G 1 of the cell cycle at which Rb would normally be hyperphosphorylated. In this study, we have attempted to elucidate the mechanisms by which IFNg prevents the phosphorylation of Rb. We have shown that IFNg treatment results in the inhibition of the activity of all three G 1 cdks known to be primarily responsible for the hyperphosphorylation of Rb, either in complexes immunoprecipitated by antibodies to the kinase itself or to the G 1 cyclin partners, cyclins D1, D2 or E. Furthermore, IFNg treatment of MECs increases the levels of the cdk inhibitor p27
Kip1 over a 24 h time course that correlates with the previously reported IFNg-induced decrease in thymidine incorporation and disappearance of hyperphosphorylated forms of Rb (Harvat and Jetten, 1996) . p27 mRNA levels do not change signi®cantly during the time course in which protein levels increase, lending support to the growing body of evidence that post-transcriptional regulation of p27 is a key mechanism in growth arrest (Polyak et al., 1994b; Halevy et al., 1995; Pagano et al., 1995; Hengst and Reed, 1996) . Levels of both the G 1 cyclins and cdk's were essentially unchanged within these 24 h, although cdk4 levels began to decrease about 24 h post-treatment and were signi®cantly reduced by 48 h. Similar results have been reported in other systems (Ewen et al., 1993b; Slingerland et al., 1994) , implicating down-regulation of cdk4 as a component for the maintenance of long-term growth arrest.
Coimmunoprecipitation studies indicated that the amount of p27 associated with cdk2 increased signi®cantly with IFNg treatment, while p27 levels in cdk4 and cdk6 complexes increased only modestly above that found in proliferating cells. Furthermore, at 24 h of treatment, both cdk2 and cdk4, but not cdk6, complexes consistently contained small increases of p21 protein relative to that in complexes from proliferating cells, indicating there may be some additive eect of inhibition from multiple Kip family molecules. Our results suggest that IFNg-induced irreversible growth arrest is a substantially dierent process than that described for TFGb-mediated reversible growth arrest Alexandrow and Moses, 1995 for reviews) . In the proposed model for TGFbmediated growth arrest of epithelial cells, rapid 15 ± 30-fold increases in p15 Ink4b levels, induced at the transcriptional level , cause the release of p27 from sequestration by cdk4/cyclin D complexes. p27 in turn binds and inactivates cdk2/ cyclin E complexes (Reynisdottir et al., 1995; Polyak et al., 1994a) . In MECs, TGFb similarly up-regulates p15 mRNA and protein and thereby causes the dissociation of cdk4 and 6 from cyclin D (Sandhu et al., submitted) .
IFNg treatment of MECs, on the other hand, saw not only an increase in p27 association with cdk4 or cdk6, albeit small, but cyclin D1 remained associated with cdk4 and cdk6 and a threefold induction of p15 protein was observed after a lag time of at least 8 h. The increases in p15 protein, which appear to be posttranscriptionally induced (unpublished observations), may contribute to inhibition of cdk4 and 6 as well as a redistribution of existing p27 into cdk2 complexes as in the TGFb model. However, the dramatic increase in protein levels of p27 is more likely to in¯uence the continued increased association of p27 and cdk2. Three additional ®ndings support this interpretation -the increase in p27 correlates with the appearance of early markers of squamous dierentiation, the levels of p27 remain elevated even if IFNg is removed from the media, and MECs arrested by TGFb treatment do not demonstrate such a sustained, large increase in p27 levels (unpublished results). These dierences in p27 regulation and the composition of cdk complexes, as well as the results which demonstrate that increased p27 levels alone are sucient to arrest MEC growth, support the hypothesis that the induced levels of p27 have a signi®cant role in IFNg-mediated irreversible growth arrest.
Still at issue is whether the relatively small increases in p27 levels found upon IFNg treatment in cdk4 and cdk6 complexes contribute to the observed dramatic inhibition of their kinase activities or are solely an indication that the levels of p27 are sucient to saturate cdk4/6 complexes. Cdk4 and cdk6 have been proposed to act as a rheostat, regulating the availability of p27 for its primary physiological role, cdk2 inhibition (Soos et al., 1996) . As such, the presence of p27 in cdk2 complexes from IFNg-treated cells without a reduction in the amount of p27 in cdk4/ 6 complexes argues that saturation of available sites in cdk4/6 complexes has occurred. The eect of p27 saturation is particularly signi®cant in light of studies which have shown that Rb kinase activity in cycling hematopoietic B cells (MANCA) cells can be immunoprecipitated by antibodies to p27 and that the kinase responsible for the kinase activity in the p27 complexes is cdk6 (Soos et al., 1996) . IFNg treatment of MECs, however, clearly causes inhibition of cdk6 activity. p15 levels increase at approximately the same time as p27 levels and therefore, the data generated to date does not distinguish the eects of p27 and p15. Alternatively, we cannot rule out the possibility that cki's that have not been tested here or are yet to be discovered may play a role in inhibition of cdk4 and cdk6. The ink4 family inhibitor, p18, has been described as being more speci®c for cdk6 (Guan et al., 1994 ), but we have not detected changes in the total cellular levels of p18 protein in IFNg-treated MECs (unpublished observations).
IFNg-induced growth arrest of MEC is irreversible and its kinetics are closely associated with the appearance of early markers for squamous differentiation (unpublished observations). This process is probably complex and involves multiple steps. Although we acknowledge that these studies do not clearly reveal the mechanism for the initial immediate block in cell cycle progression, we propose that p27 has an important role in mediating the actions of IFNg. Cells arrested in G 0 /early G 1 have been reported to p27
Kip1 and MEC growth arrest BL Harvat et al contain elevated amounts of p27 in cdk2 complexes (Soos et al., 1996) . Our ®nding that p27 levels increase in cdk2 complexes within 2 h of treatment of MECs and cdk2 activity is undetectable within 4 h is consistent with the initiation of a rapid accumulation of cells in early G 1 and the role of p27 in inhibiting cdk activation. In addition to Rb phosphorylation, cdk2 is thought to have additional substrates regulating cell cycle progression. E2F-1 over-expression has been shown to overcome growth arrest induced by the over-expression of p16 but not p21 or p27 (Mann and Jones, 1996) , implying that the transcription activation function of E2F released by hyperphosphorylation of Rb can compensate for lack of cdk4/6 activity, but cannot compensate for lack of cdk2 activity. p27 expression has also been shown to cause growth arrest in Saos-2 cells which lack functional Rb (Polyak et al., 1994b; Toyoshima and Hunter, 1994) . In addition, we have found that human epithelial keratinocytes in which Rb has been inactivated by the HPV type 18 virus remain sensitive to IFNg and demonstrate increases in p27 levels with IFNg treatment (unpublished results). Thus, the role that p27 has in IFNginduced growth arrest may be important for targeting addition function(s) of cdk2 besides Rb phosphorylation and may provide multiple blocks in progression, some of which would be independent of Rb status or cdk4/6 activation. The persistent elevation in p27 protein levels initiated by IFNg could maintain the irreversible nature of the growth arrest and the continued inhibition of cdk2 activity, similar to the ®ndings that have been reported for neuronal dierentiation (Kranenburg et al., 1995; Lee et al., 1996) . We reported previously that mammary carcinoma cell lines are resistant to growth inhibition by IFNg and that hyperphosphorylation of Rb was not blocked by IFNg treatment. Here, we demonstrate that all the carcinoma cell lines tested contain high levels of cdk2 kinase activity and constitutively express higher levels of p27 protein in proliferating cells than that found in MECs. It has been proposed that basal levels of p27 act as a threshold regulator of G 1 cdk activation (Sherr and Roberts, 1995; MassagueÂ and Polyak, 1995) . The high levels of kinase activity in the presence of p27 protein in untreated carcinoma cells suggest that at least some portion of the cdk2 molecules have escaped regulation by p27, which may be part of the mechanism by which carcinoma cells become resistant to IFNg. Consistent with this idea, IFNg treatment was unable to inhibit cdk2 kinase activity, indicating the dysfunction renders the carcinoma cells insensitive to external growth arrest signals. Changes in levels of p27 have recently been shown to regulate the length of the G 1 phase of the cell cycle (Coats et al., 1996) . Cells refractory to the inhibitory eects of p27 might be expected to have a shortened G 1 , suggesting that the lack of p27 regulation demonstrated here may directly relate to the growth rate of tumors.
The lack of cdk2 inhibition or increase in p27 levels in mammary carcinoma cells in response to IFNg may be explained by several possibilities. (a) In some cell lines, the activation of p27 expression may already be stimulated to a maximum output. Recent evidence suggests that over-expression of cyclin D1 or cyclin E causes an up-regulation of p27 protein as part of a self-regulatory feedback Sgambato et al., 1996) . Our results show that cyclin E and cdk2 are expressed at considerably higher levels in carcinoma cell lines than in MECs ( Figure  7a) , and others have shown ampli®cation or overexpression of either cyclin D or cyclin E in a signi®cant percentage of primary mammary carcinomas (Wang et al., 1994; Dickson et al., 1995; Peters et al., 1995) . These ®ndings suggest that the overexpression of positive growth regulators may overcome the ability of the feedback to stimulate sucient p27 expression for adequate control of cdk2 kinase activity. (b) Mutations in cell cycle proteins may have made the cdk complexes refractory to the inhibiting eects of p27. Eorts to detect mutated forms of p27 in various primary solid tumors and carcinoma cell lines have been negative to date (Kawamata et al., 1995; Ponce-Castaneda et al., 1995; Pietenpol et al., 1995; Ferrando et al., 1996) . However, aberrant truncated forms of cyclin E have been reported to be elevated in both mammary carcinoma cell lines, including all of the lines used here (Figure 6b ; Keyomarsi et al., 1995; Said and Medina, 1995) Our results suggest that, in addition to the previously reported possibility of defects in the IFNg signal transduction pathway, resistance of carcinoma cells to IFNg may also reside in an inability to further induce p27 protein levels. We have shown that this inability of carcinoma cells to upregulate p27 protein suciently to inhibit cdk2 activity may be an inherent result of overexpression of cdk2 and cyclin E in these cells. Introduction of increased levels of p27 both in vivo and in vitro had inhibitory eects respectively on growth and cdk2 activity and indicate that cdk2/cyclin E complexes in mammary carcinoma cells are not intrinsically resistant to inhibition by p27. However, the data also imply that certain carcinoma cells require higher levels of p27 (MDA-MB-549) or higher p27:cdk2 ratios (MCF-7) for kinase inhibition than MECs and may therefore have genetic defects which impact on the relative anity or activity of p27 for the cdk2/cyclin E complex. Such defects could also cause carcinoma cells to require a higher threshold of p27 for kinase inhibition than normal cells. These possibilities require further investigation.
In support of the hypothesis that p27 has a role in irreversible growth arrest of MECs, we have shown that normal MECs can be growth arrested and their cdk2 activity inhibited in a dose dependent manner solely by increasing the levels of p27 protein. The results obtained in this study with mammary carcinoma cell lines, in which existing p27 levels in proliferating cells appear ineective in inhibiting cdk2 activity and are not regulated by IFNg and additional p27
Kip1 and MEC growth arrest BL Harvat et al exogenous p27 protein can inhibit kinase activity, also supports such a hypothesis. p27 appears to have a role in the rapid, IFNg-induced inhibition of cdk2 activity, as p27 levels in cdk2 complexes rapidly increase upon exposure of MECs to IFNg. In addition, we propose that the persistent elevation of p27 protein levels seen with IFNg treatment is an important contributing factor in sustaining the irreversible nature of the growth arrest until the squamous dierentiation program is well in place and other positive cell cycle components, such as cdk4, are down-regulated. Whether p27 also promotes the dierentiation program itself is an intriguing question. Similar roles for p27 are being investigated for neuronal dierentiation, which has been shown to be induced by p27 overexpression in neuroblastoma cells (Kranenburg et al., 1995) , for terminal dierentiation of myoblasts (Halevy et al., 1995) and for dierentiation of promyelocytic leukemia HL60 cells into monocytes (Hengst and Reed, 1996) . Studies pursuing this question are currently in progress.
Materials and methods
Cell culture
MECs and mammary carcinoma cell lines were grown and maintained as described (Harvat and Jetten, 1996) . Except where noted, IFNg was used at a concentration of 200 U/ ml.
Western blotting
Cells were lysed and analysed by immunoblot as described previously (Harvat and Jetten, 1996) . Antibodies used were cdk4 (1:2500) and p27 (1:1000, gifts from Dr Yue Xiong, University of North Carolina, Chapel Hill); p15/16 (JC6, (1:5) a gift from Dr Jim Koh, Mass. General Hosp., Boston); cdk2 (1:5000), cyclin D1 (1:5000) and cyclin E (1:2500) antibodies from Upstate Biotechnology, Inc. (Lake Placid, NY); p27 Kip1 (C-19, 1:500), cyclin D1 (HD11, 1:500), cyclin D2 (C-17, 1:500), cyclin E (HE12, 1:1000), cdk2 (M2, 1:1000) and cdk6 (C-21, 1:500) antibodies from Santa Cruz Technologies, Inc. (Santa Cruz, CA); p27 Kip1 (1:1250) antibody from Transduction Laboratories (Lexington, KY); and Waf1 (Ab-1, 1:500) and cyclin D3 (1:500) antibodies from Oncogene Science (Cambridge, MA).
Northern analysis
Total cellular RNA was isolated using the TriReagent protocol (Molecular Research Center, Inc., Cincinnati, OH). Poly-(A) + -RNA was isolated using the PolyATract System 1000 kit (Promega, Madison, WI). Hybridization and wash steps used the protocol for Quikhyb (Stratagene, La Jolla, CA). Probes were made using gel puri®ed restriction fragments as follows: for p16, an EcoRI/XhoI 800 bp cDNA insert (a gift from Dr David Beach, Howard Hughes Medical Institute, Cold Spring Harbor, NY) and for p27, a 600 bp NheI/XhoI cDNA insert (Luo et al., 1995 , a gift from Dr Joan MassagueÂ , Memorial SloanKettering Cancer Center, NY).
Immunoprecipitations
Proliferating MECs or cells treated for 24 h with IFNg were lysed in the culture plate with NP40 lysis buer (10 mM NaHPO 4 , pH 7.2, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 5 mM EDTA, 2 mM DTT) or Tween 20 lysis buer (50 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Tween 20, 1 mM EDTA, 2.5 mM EGTA, 10% glycerol; Matsushime et al., 1994) . All lysis buers contained protease and phosphatase inhibitors as follows: 1 mM PMSF, 10 mg/ml leupeptin, 5 mg/ml aprotinin, 10 mg/ml soybean trypsin inhibitor, 150 mg/ml benzamidine, 1 mM sodium¯uoride, 10 mM betaglycerolphosphate and 0.1 mM sodium vanadate. NP-40 lysates, either frozen immediately at 7708C until they could be used or processed immediately, were rocked at 48C for 10 ± 30 min and then centrifuged for 10 min at 10 000 g at 48C. Tween 20 lysates were frozen immediately in liquid nitrogen and stored at 7708C until the assay was done. After thawing, Tween 20 lysates were put on ice for 2 ± 3 h and then centrifuged for 10 min at 10 000 g. From this point, extracts prepared by NP40 or Tween 20 lysis were treated the same and all procedures were carried out at 48C. Each lysate was preabsorbed with protein A agarose for 30 min, spun for 2 min at 2000 g and analyzed for protein concentration by the BioRad Protein Assay reagent (Hercules, CA). Lysates representing 250 mg of protein were then incubated with 2 mg (cyclin E, cyclin D1, cyclin D2, cdk2, cdk6) or 1 ml (cdk4) of the appropriate antibody for 1.5 ± 2 h. Where indicated, antibodies were ®rst neutralized by 2 h of incubation at room temperature with a 10-fold excess (w/w) of cognate peptide. Antibody-associated complexes were absorbed onto 15 ml of a 50% slurry of prewashed protein A agarose (Upstate Biotechnology, Inc., Lake Placid, NY) with rocking for 1 h and precipitated by centrifugation at 2000 g for 2 min. Pellets were washed three times in the appropriate lysis buer using the above gentle centrifuge conditions and, for kinase assays, two times in kinase buer (50 mM HEPES, pH 7.5, 10 mM MgCl 2 , 1 mM DTT) with transfer to a clean tube during the last wash. After removal of as much liquid as possible, pellets were resuspended either in SDS ± PAGE sample buer for Western analysis as above or in 15 ml of kinase buer for kinase assays. All quantitation was done using a Personal Densitometer SI and ImageQuaNT software (Molecular Dynamics, Sunnyvale, CA).
Kinase assays
Lysis buers were NP-40 or Tween 20, as above, for histone H1 or GST-Rb kinase assays, respectively. Using the immunoprecipitated complexes in kinase buer, the kinase reaction was started by adding 12 ml to each reaction of a master mix containing kinase buer with 50 mM ATP and per reaction: 10 mCi [g 32 P]ATP and 1 mg Histone H1 (#382150, Calbiochem, LaJolla, CA) or 1 ± 2 mg GST-RB-C-term (Guan et al., 1994) . Histone H1 assays were incubated 15 min at room temperature and Rb assays were incubated for 30 min at 308C. Reactions were stopped with addition of 30 ml of 26 SDS protein sample buer containing 100 mM DTT and 0.01% bromophenol blue dye. Assays were boiled for 5 min and loaded onto SDS ± PAGE Supra-minigels (Enprotech, Natick, MA). Following electrophoresis, gels were ®xed in 15% methanol/10% acetic acid, dried without heat and exposed to Hyper®lm (Amersham, Arlington Heights, IL) for 1 ± 8 h. The GST-Rb substrate was isolated essentially using the method of Matsushime et al. (1994) except the NETN lysis buer contained protease inhibitors as described above and the eluting kinase buer was pH 8.3. Puri®ed p27 protein was isolated by means of a histidine tag from BL-21 bacteria carrying a p27 cDNA expression vector (Luo et al., 1995 , a gift from Dr Joan MassagueÂ , Memorial Sloan-Kettering Cancer Center, NY) and incubated with immunoprecipitated, washed complexes for 30 min on ice prior to adding the kinase reaction starter mix. 
Adenovirus infection
Recombinant adenovirus containing human p27 cDNA sequences (Adp27) or empty of cDNA (Adnull) was added to RPMI without serum or MEGM minus EGF and pituitary bovine extract for carcinoma cells and MECs respectively. Adp27 was constructed as described (Katayose et al., 1995) using the p27 cDNA from Dr Joan MassagueÂ mentioned above. Dishes of cells approximately 40 ± 50% con¯uent were incubated with a minimum of adenovirus-containing media for 1 h with periodic rocking and then brought to normal levels with regular growth media. Plates were then incubated for 48 h, at which time cells were pulsed for [ 3 H]thymidine incorporation or harvested for immunoblot analysis as described (Harvat and Jetten, 1996) .
